Objective: We evaluated the utility of amplitude-integrated EEG (aEEG) and regional oxygen saturation (rSO 2 ) measured using near-infrared spectroscopy (NIRS) for short-term outcome prediction in neonates with hypoxic ischemic encephalopathy (HIE) treated with therapeutic hypothermia.
Therapeutic hypothermia is now standard for neonates with hypoxic ischemic encephalopathy (HIE), but adverse outcomes remain common. [1] [2] [3] High-risk infants identified before or during rewarming could be suitable candidates for studies of adjuvant neuroprotective therapies or modified duration of cooling and/or rewarming.
Cerebral perfusion and oxygenation are key biomarkers of brain metabolism and may be disrupted in neonates with HIE. 4 Near-infrared spectroscopy (NIRS) provides reproducible, quantitative measures of cerebral blood volume (reflecting perfusion) and regional oxygen saturation (rSO 2 ), which could represent cerebral metabolism. NIRS measures can also reflect renal, 5 splanchnic, 6 and peripheral tissue 7 perfusion in critically ill infants.
Amplitude-integrated EEG (aEEG) has prognostic value in the first hours after neonatal asphyxia, [8] [9] [10] but hypothermia alters its predictive utility. 11, 12 Furthermore, prediction of outcome utilizing the neurologic examination is modified for neonates treated with therapeutic hypothermia. 13, 14 We hypothesized that a combination of monitoring modalities recorded late in the cooling and rewarming protocol would provide more precise predictive value than any single neuromonitoring strategy. Previous work defined several markers of adverse outcomes, 11, 15 but those data were applied primarily to inform discussions of goals of care (i.e., transition to comfort care for infants with little likelihood of survival without severe disability) rather than to identify opportunities for new therapeutic strategies. Identification of accurate markers of good (or unfavorable) prognosis immediately before or during rewarming is a critical prerequisite for the design of interventions that prolong cooling and/or rewarming or that assess the effect of adjuvant neuroprotective therapies for HIE.
METHODS Standard protocol approvals, registrations, and patient consents. This research was approved by the Institutional Review Board of the University of Michigan. Term or near-term neonates (estimated gestational age $36 weeks) admitted to our neonatal intensive care unit (NICU) whose parents consented to therapeutic whole-body hypothermia for treatment of HIE, from January 2009 through February 2011, were candidates for participation. Every eligible family agreed to partake in this study and provided written informed consent.
Infants. The cooling procedure, including inclusion criteria, followed a published protocol 3 : using a cooling blanket, the infants were cooled to 33.5°C 6 0.5°C for 72 hours. Rewarming via the blanket occurred at a rate of 0.5°C per hour until normothermia was achieved. This process typically took 6 hours.
Demographic and clinical information, including standardized neurologic examinations, 16 gestational age, intrapartum events, and medications, was collected. Body temperature, pulse oximetry, and blood pressure were recorded according to the NICU protocol. These values were downloaded and integrated into the NIRS datasets.
Using neonatal NIRS sensors over bilateral parietal regions, as well as one sensor over the thigh as a systemic control, NIRS monitoring was initiated as soon as possible after consent was obtained (Invos 5100C; Somanetics Corp., Troy, MI). Subjects were monitored with NIRS for the duration of therapeutic hypothermia, 6 hours of rewarming, and an additional 12 hours of normothermia. rSO 2 was recorded every 5 seconds throughout this period and these data were extracted using proprietary software (Somanetics Corp.). Because the clinical implications of NIRS data are unknown in this population, the results were analyzed off-line and were not available to the treating clinicians.
At the same time as NIRS sensors were applied, dual-channel aEEG monitoring was initiated (BRM-2; BrainZ Instruments, Auckland, NZ). The aEEG monitoring continued throughout the study period (including hypothermia, rewarming, and normothermia phases). The aEEG was reviewed regularly by the investigators and by the clinical treatment team according to standard clinical practice in our NICU. Off-line objective analyses using Analyze Research (version 1.4; BrainZ Instruments) included extraction of the mean voltage amplitude and upper and lower margins of the voltage band (and the difference between these values, reported as the width of the aEEG band). These values, rather than scores of aEEG background by pattern recognition, were selected to allow quantitative, objective, and reproducible statistical analyses of continuous variables instead of ordinal or dichotomous regression models, thereby improving overall statistical power.
All infants were monitored with conventional video-EEG for the final 24 hours of the neuromonitoring study, including approximately 8 hours before rewarming, the 6-hour rewarming phase, and 8 to 12 hours after rewarming. When the treating clinicians suspected seizures, either clinically or by aEEG, conventional video-EEG monitoring was initiated sooner and continued until at least 8 hours after rewarming (in this instance, aEEG was continued for research purposes).
Standardized neurologic examinations were performed on the day of study enrollment and immediately after rewarming (day 4 of life). Examination findings were analyzed by computing Thompson scores. 16 Low Thompson scores (,10) have been associated with favorable prognosis among infants with HIE, before the therapeutic hypothermia era, and similar neurologic examination findings have been reported to correlate with 18-to 22-month neurodevelopmental outcome after therapeutic hypothermia. 14 Most subjects underwent a clinically indicated brain MRI scan at 7 to 10 days of life. These studies were systematically evaluated by an experienced neuroradiologist (J.R.B.) and scored according to published criteria, 17, 18 which have been reported to be predictive of neurodevelopmental outcome at 12 months. 18 Lower scores were assigned for normal MRI studies, with higher scores indicating more extensive injury, as follows: score 0 5 normal; score 1 5 abnormal basal ganglia signal; score 2 5 abnormal signal in the cortex; score 3 5 abnormal signal in the basal ganglia and the watershed cortex; and score 4 5 abnormal signal in the basal ganglia and in the cortex, extending beyond the watershed area.
Because both examination and imaging data are relevant markers of cerebral injury, we used a composite score as the primary short-term outcome measure. The composite short-term outcome score was determined via a normalized principal component analysis 19 : 1) normalizing both sets of scores by their individual SDs, and 2) adding the normalized scores to derive the composite score. Because this was a linear combination of normalized scores, values could be either positive or negative. This provided a range of potential outcome scores, rather than dichotomizing the infants' neurologic status into "favorable" or "unfavorable" risk categories, thereby enhancing the statistical power of our study.
Pearson correlation coefficients were calculated to assess the correlation between individual physiologic variables and shortterm outcome scores. Multiple regression models were developed to assess NIRS and aEEG data recorded during the 6 hours before rewarming, as well as the rewarming period, as predictors of shortterm composite outcome scores. Regression analyses were computed with trimmed data to reduce artifact (i.e., the top 2.5% and bottom 2.5% of the raw rSO 2 values for each subject were omitted). The final models were selected based on adjusted R 2 and parsimony.
RESULTS Twenty-one patients (14 males) were enrolled in this study. Three infants with favorable neurologic status were transferred back to their referring hospitals for convalescence without obtaining MRI and were therefore excluded from the correlation and regression analyses because composite outcome scores were not available. Demographic and relevant clinical data for the remaining 18 infants are presented in table 1. Two infants died after redirection of care when their neurologic status remained markedly abnormal after rewarming was complete. Including these 2, there were 8 subjects with day 4 Thompson scores $10 (38%).
Thompson scores correlated with MRI severity scores, but the relationship was moderate (r 2 5 0.49, p 5 0.001), suggesting that the 2 assessments are complementary rather than duplicative. Among the 11 infants with normal brain MRIs (MRI score 5 0), only 2 had completely normal examinations (day 4 Thompson score 5 0), whereas 3 had markedly abnormal Thompson scores ($10). The 3 infants with markedly abnormal MRIs (MRI score 5 4) all had day 4 Thompson scores $16. This imperfect relationship between encephalopathy scores and MRI scores has been described previously, particularly among neonates with moderate HIE. 20 Results of Pearson correlation analyses are presented in table 2. In univariate analysis, absolute values of cerebral and systemic rSO 2 before and during rewarming did not correlate with short-term outcome scores (p . 0.05). Cerebral rSO 2 variability was also independent from short-term outcome (p . 0.05). However, both before rewarming and during rewarming, the variability of systemic rSO 2 was the single best predictor of short-term outcome scores (p 5 0.04 for both time periods). None of the aEEG variables were significantly correlated with outcome in univariate correlation analyses. However, several of these parameters had correlations that approached statistical significance and/or were considered potentially clinically useful variables, so they were incorporated in the multivariate model-building process.
For data recorded during the 6 hours before rewarming, the most parsimonious multivariate regression model, which predicted outcome with the best statistical significance, included 4 parameters (model-adjusted For data recorded during rewarming, the best model included 2 parameters (model-adjusted R 2 5 0.49; p 5 0.005): lower systemic rSO 2 variability and lower aEEG lower margin predicted worse short-term outcome (table 4) . Again, cerebral rSO 2 data did not contribute to the model. DISCUSSION This study demonstrates the feasibility of combining aEEG and NIRS, along with conventional EEG monitoring, during therapeutic hypothermia and rewarming in critically ill neonates. In multivariate models, objective aEEG measurements correlated with subsequent short-term neurologic examination and brain MRI scores; these trends were similar to results of previous aEEG studies that used pattern-recognition classification. 12 However, unexpectedly, cerebral rSO 2 data did not contribute to the predictive models. Conversely, we show here that reduced systemic rSO 2 variability, which provides a biomarker of the severity of systemic illness, may provide useful prognostic information for neonates with HIE.
Use of NIRS to measure perfusion of renal, splanchnic, and limb tissue has been reported in pediatric and neonatal critical care settings. [5] [6] [7] 21 In these scenarios, NIRS may provide real-time data that predict risk of severe medical complications, such as renal failure in newborns with congenital heart disease 5 and necrotizing enterocolitis in preterm infants. 6 Table 1 Demographic and clinical profile of the 18 subjects with both examination and brain MRI scores available for analysis a Gestational age 39. 9 Seizures on amplitude-integrated EEG only n 5 3 b
Treatment with ‡1 dose of phenobarbital n 5 10
Thompson score <10 Immediately post-rewarming n 5 10 However, to our knowledge, systemic NIRS has not been evaluated as a predictor of neurologic outcomes among infants with HIE or other critical illness. Systemic illness is known to increase risk of adverse neurodevelopment among critically ill preterm infants, 22 and acute kidney injury is associated with longer length of stay and need for assisted ventilation among cooled infants with HIE. 23 Infants with HIE who are treated with therapeutic hypothermia often have extensive multiorgan dysfunction. 24 We speculate that this is reflected in reduced systemic rSO 2 variability and show that this is predictive of short-term outcome, independent from neuromonitoring parameters. Decreased physiologic variability is reported to be a marker of critical illness. For example, abnormal heart rate variability has been associated with increased morbidity in preterm infants 25 and with mortality among critically ill children. 26 Our finding that cerebral NIRS data did not contribute to the multivariate models for prediction of short-term outcome is in contrast to a study published before the era of therapeutic hypothermia. 4 That study demonstrated increasing rSO 2 values during the first 48 hours of life among 9 infants who died and one with adverse neurodevelopmental outcome, reflecting decreasing oxygen extraction, compared with normal oxygen extraction (stable rSO 2 levels) among 8 infants who survived with normal outcomes. Our analysis focused on a later time point, namely the 6 hours before rewarming and the rewarming period (approximately 74-90 hours of life). It is possible that rSO 2 values, which others showed to diverge in the first 2 days of life, 4 could converge again over time. There is also likely an effect of therapeutic hypothermia on NIRS values. For example, cooling could slow brain metabolism such that less oxygen is extracted even among infants with relatively uninjured brains. In this scenario, cerebral rSO 2 might not distinguish those with appropriately slowed cerebral metabolism from those with severe brain injury and resultant inability to extract oxygen (luxury perfusion). In this instance, NIRS measures might not diverge until long after rewarming, when cell fate and brain injury become manifest.
A discontinuous, suppressed aEEG pattern and a lack of aEEG variability, predictors of poor shortterm outcome among our subjects, are analogous to the low-voltage/undifferentiated patterns and lack of sleep-wake cycling described by others for infants with HIE who experienced poor outcomes after therapeutic hypothermia. 11, 12 Our data provide quantitative, objective confirmation of these findings, rather than relying on potentially subjective interpretation of the aEEG through pattern-recognition 27 or voltage criteria 8 methods, both of which can have limited interrater reliability. 28 A study of concurrent NIRS and aEEG monitoring among 12 infants with HIE who underwent therapeutic hypothermia demonstrated higher cerebral tissue oxygenation index (TOI) (analogous to rSO 2 ) among the 4 who either died or had cerebral palsy by age 1 year, compared with the 8 who had favorable outcomes. 15 For that study, NIRS was measured from a single sensor over the frontal region and the mean Abbreviations: aEEG 5 amplitude-integrated EEG; NIRS 5 near-infrared spectroscopy; rSO 2 5 regional oxygen saturation. Abbreviations: aEEG 5 amplitude-integrated EEG; CI 5 confidence interval; rSO 2 5 regional oxygen saturation. a Model statistics: residual standard error 5 0.769 on 11 df; multiple R 2 5 0.70; adjusted R 2 5 0.59; p 5 0.006.
TOI was analyzed at 6, 12, and 24 hours of life; systemic NIRS was not recorded. The authors postulated that higher cerebral TOI could indicate luxury cerebral perfusion among those with poor outcomes. In our study, the absolute values of cerebral rSO 2 did not predict short-term outcome in univariate analyses, and only systemic rSO 2 variability was included in the final multivariate models. There are several methodologic differences between the 2 studies, which make direct comparisons somewhat difficult: we used bilateral NIRS sensors over the parietal regions (over the cerebrovascular watershed area) whereas they measured NIRS values over the frontal region; we focused the present analysis on the third day of cooling and the rewarming period rather than the first day of life; and our outcome variables are the composite brain MRI scores and Thompson scores rather than dichotomous outcomes, either favorable or adverse (death, cerebral palsy, or abnormal global quotient on the Griffiths scale). Typically, published cerebral NIRS studies have not reported which type of NIRS sensor was used, although the brand of NIRS monitor is invariably included in the methods section. 4, 7, 15 We monitored our subjects with recently developed US Food and Drug Administration-approved neonatal systemic and cerebral NIRS sensors (Somanetics Corp.) because these are most likely to be used both in American clinical practice and in future clinical trials. However, other investigators have used older-model pediatric sensors; there is emerging evidence that the recorded rSO 2 is not uniform across sensor types (Petra Lemmers and Mona Toet, personal communication, December 2012), and this likely contributes to variation in reported results. Future published NIRS data should specify which sensors were used.
Relatively few of our study subjects (19%, or 4 of 21) had electrographic seizures confirmed with conventional EEG. This incidence of seizures is lower than that reported by other groups (30%-65%). 29, 30 Unless clinically indicated, we monitored subjects with only aEEG until 8 hours before rewarming and then added full conventional EEG monitoring until after rewarming was completed. Given the limited sensitivity of aEEG for seizure detection, it is possible that some seizures were missed. 31, 32 However, status epilepticus is more likely to be detected than isolated seizures on aEEG, and we used dualchannel aEEG with available "raw" EEG, which should improve sensitivity. 31 Even with conventional EEG monitoring, none of our patients had seizures during the rewarming period. Although animal data raised concern for seizures arising de novo during rewarming, 33 this phenomenon has not been borne out in the published human studies. In one published cohort 30 (n 5 26), there were no incident seizures during the rewarming period, although some subjects with seizures during hypothermia had persistent seizures as they were rewarmed. Another study 29 reported that only 1 of 41 infants had seizure emergence during rewarming, whereas 13 of 14 infants with seizures developed their seizures within 18 hours of the beginning of EEG monitoring.
Figure
Systemic rSO 2 variability and aEEG bandwidth variability during the 6 hours prior to rewarming (A) Boxplots represent the distribution of systemic rSO 2 and aEEG bandwidth SD during the 6 hours before rewarming and demonstrate the median, 25th, 75th, 10th, and 90th percentiles with outliers. Systemic rSO 2 SD was independent from the absolute rSO 2 value (B), but the variability of aEEG bandwidth increased as bandwidth increased (C). aEEG 5 amplitude-integrated EEG; rSO 2 5 regional oxygen saturation. Our study has some limitations. We describe a very dense dataset acquired from a relatively small cohort of patients, albeit similar in number to other published studies of neuromonitoring for infants with HIE. 4, 15, 30 A larger sample size could decrease the overall variability and increase the accuracy of the results. Despite this, our sample was sufficient for the analyses presented here. We used a target of .10 df for our multivariate models. 34 The models we present in this report have 11 and 13 df, thus we are confident that the analysis is appropriate despite the relatively small sample size. Many of our subjects were treated with phenobarbital, lorazepam, or morphine. Each of these might affect cerebral and systemic rSO 2 . However, similar to the previously published series, 4, 15 our study was not powered to assess such effects.
Our focus for the present analyses has been the period surrounding rewarming, but it is possible that data recorded earlier in the clinical course could have important physiologic and prognostic implications. Further study of the NIRS data recorded in the first 24 to 48 hours of life may reveal additional patterns of interest. Also, we used short-term outcome markers, brain MRI and post-rewarming neurologic examination scores, both of which have been shown to correlate to 12-to 22-month neurodevelopmental outcome, 14, 18 but we recognize that longer-term neurodevelopmental follow-up will be important for future studies.
Multimodality monitoring for infants treated with therapeutic hypothermia for HIE is feasible and can offer rich data by which to estimate prognosis and guide additional treatment. Our data were recorded in real time and analyzed off-line; additional work is required before these findings could be applied directly at the bedside. In our dense dataset, aEEG provided the best neuromonitoring parameters to predict short-term outcome, and inclusion of systemic NIRS data improved the statistical models. However, the value of cerebral NIRS monitoring remains uncertain in this patient population.
